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The negative ion mode ESI mass spectral analysis of antimony(III)-D- and -L-tartrate (“tartar
emetic”), in association with leucine enantiomeric isotopomers, revealed remarkable proton-
assisted enantioselective molecular recognition phenomena. The current study infers that
recognition of amino acids by antimony(III)-D,L-tartrate complexes requires that the chiral
selector associate a proton to become enantioselective. The dianionic selector itself failed to
show enantiomeric discrimination capacity. This observation was shown to be consistent both
in solution-phase targeting full scan and gas-phase targeting collision threshold dissociation
(CTD) experiments. Importantly, this disparity in enantioselective binding capacity between
the dianionic and the protonated monoanionic representatives of antimony(III)-D- and
-L-tartrates could only be clearly revealed by ESI-MS and tandem mass spectrometry
experiments as described herein. This finding urges a more in-depth study of mechanisms
associated with exhibited enantiomeric resolving capacity of antimony tartrates in HPLC and
CE applications, as well as in former ESI-MS association studies. (J Am Soc Mass Spectrom
2009, 20, 2100–2105) © 2009 American Society for Mass SpectrometryInextricably tied to the notion of chirality throughtheir incorporation of tartaric acid [1], metal-tartrates have been the subject of research in asymmet-
ric catalysis [2], chiral separations [3–6], and medicinal
chemistry [7, 8]. Antimony(III)-L-tartrate, known as “tar-
tar emetic” when administered as a dipotassium salt [9],
is believed to exist primarily as a doubly-charged
binuclear tartrato(4-)-metal-bridged complex as shown
in Figure 1. Antimony(III)-L-tartrate has enjoyed an
especially turbulent history as a therapeutic indication,
but it has shown significant utility as an analytical
separations reagent, as an antifilarial drug for treatment
of schistosomal blood flukes (schistosomiasis), and as
an antibiotic [9, 10]. Despite these uses, the mechanistic
basis for understanding the modes of enantioselective
molecular recognition by antimony tartrates has re-
mained somewhat a mystery. Electrospray ionization-
mass spectrometry (ESI-MS), in particular, is attractive
for investigating molecular recognition phenomena
[11–13]. Focusing on a relevant model for biomolecular
recognition, specifically amino acids, it was hypothe-
sized that ESI-MS-based binding experiments would be
able to provide further insight into the enantioselective
recognition capacity of antimony(III)-D- and -L-tartrates
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doi:10.1016/j.jasms.2009.07.011and, potentially, guide further research on elucidating
the reported biological activity of these compounds.
Arakawa et al. were the first to investigate the enantiose-
lective binding by potassium antimony(III)-D- and -L-tartrate
to Co(III) complex and 2-thiazolidinecarboxylic acid enan-
tiomers using ESI-MS [14–16]. Importantly, the results
of these MS-based experiments were shown to be consis-
tent with those from independent solution phase mea-
surements. For instance, enantioselective association of
antimony(III)-D- and -L-tartrate with Co(III) complexes
observed in ion-exchange chromatographic experiments
correlated well with data from ESI-MS based solution-phase
targeting experiments [14]. Also, the time-dependent racem-
ization of 2-thiazolidinecarboxylic acid (2-THC) enanti-
omers in solution was effectively tracked in single-stage
mass spectra when antimony(III)-D- and -L-tartrate
selectors were utilized [15]. These correlations between
solution-phase phenomena and ESI mass spectra may
be due in part to the use of acetonitrile/water (ACN/
H2O) solvent systems. Recent reports by Kass et al.
show solution phase species are produced and recorded
in respective mass spectra when ACN/H2O (compared
with MeOH/H2O) mixtures are employed as the elec-
trospray solvent [17–19]. Nevertheless, while metal-
tartrates have been demonstrated to be useful for enan-
tioselective resolution of a variety of compound classes
in the solution phase [16], a general model for describ-
ing their relevant binding chemistry is still missing.
Competitive binding (solution phase-targeting) and
collision threshold dissociation (gas-phase targeting) ex-
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amino acid leucine (Leu) and disodium antimony-D-
and -L-tartrates were performed to study enantioselective
association and dissociation in this system. Interestingly, a
remarkable charge-state-dependent (proton-assisted) en-
antioselectivity was observed in both solution-phase and
gas-phase measurements; the protonated monoanion of
antimony(III)-D- and -L-tartrate exhibited significant en-
antioselective association/dissociation with leucine enan-
tiomers in a cross-chiral (reciprocal) fashion. Conversely,
the dianionic form failed to show enantioselective recog-
nition. Overall, the results for both ion forms were ob-
served to be consistent in solution-phase targeting and in
gas-phase experiments.
Disodium antimony(III)-L-tartrate ([Na]2[Sb2-L-tar2])
was first analyzed in the negative-ionization mode (100
M solution in 75:25 acetonitrile (ACN)/H2O (vol/vol)
with 100 mM formaldehyde). All measurements were
Figure 1. Doubly charged binuclear tartrato(4-)-antimony(III)
bridged complex.
Figure 2. Competitive binding ESI mass spectr
equimolar (100 M) (a) D-Leu, L-d10-Leu an
Na2[Sb2-D-tar2] in CH3CN/H2O (75/25 vol/vol) withperformed using a Thermo LCQ Deca XP ion trap
instrument (Thermo-Fisher Scientific, Inc., San Jose, CA,
USA) equipped with a conventional electrospray ion
source. The solvent system (75:25 ACN/H2O
{vol/vol}) was chosen to be consistent with prior
antimony(III)-D, L-tartrate ESI-MS association studies
[14–16] and to enhance the probability of observing
ions characteristic of solution phase equilibria in single-
stage mass spectra [17–19]. Formaldehyde was incorpo-
rated in the solution to reduce noise and enhance signal
quality of negative-ion spectra according to prior re-
ports in the literature [20]. The disodium salt of anti-
mony tartrate was used instead of the potassium salt
(tartar emetic) due to the reported reduced toxicity of
the former [21]. In the spectra, a doubly-charged [Sb2-
L-tar2]
2 (268.1 Th) ion was observed, accompanied also
by protonated {[Sb2-L- tart)2][H]}
 (536.8 Th) and sodi-
ated {[Sb2-L-tar2][Na]}
 (558.9 Th) singly-charged anion
forms (Supplementary Figure 1, which can be found in
the electronic version of this article).
Competitive binding experiments were then per-
formed to measure the differential association exhibited
by both antimony(III)-D- and -L-tartrate (in separate
experiments) with enantiomeric isotopomers of leucine
(D-Leu versus L-d10-Leu). Leucine was chosen as a
representative biologically-relevant amino acid and the
d10-deuteration of L-Leu allowed observation of well-
separated diastereomeric complex ion signals in repre-
sentative mass spectra, as shown in Figure 2. Diastereo-
meric ionic complexes were observed only at 333.3 and
ained by direct infusion of a solution containing
[Sb -L-tar ] and (b) D-Leu, L-d10- Leu anda obt
d Na2 2 2
100 mM HCHO.
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the disodium salt for preparation of solutions. The
composition of each diastereomeric complex was con-
firmed by collision induced dissociation (Supplemen-
tary Figure 2) and -deuterium isotope binding effects
were also evaluated (e.g., [Na]2[Sb2-L-tar2]  L-Leu 
L-d10-Leu) (Supplementary Figure 3).
The ionizable nature of both the selector and the
amino acid selectand further warranted an evaluation
of their individual charge states in the observed com-
plexes. More specifically, observed diastereomeric com-
plexes can be assumed to form between the selector (2-,
1-, and neutral) and (1) neutral or zwitterionic Leu
(667.5 Th corresponding to{[Sb2-L-tar2][H][Leu]}
 and
333.3 Th corresponding to{[Sb2-L-tar2][Leu]}
2) or
(2) anionic Leu (667.5 Th corresponding to {[Sb2-L-
tar2][H]2[Leu-H]}
 and 333.3 Th corresponding to {[Sb2-
L-tar2][H][Leu-H]}
2). The involvement of cationic Leu,
however, can be ruled out because 333.3 Th is observed
in our mass spectra and 333.3 Th (a 2- complex) cannot
be assigned using [Leu  H].
To identify which form of Leu exists in these ob-
served mass spectra, similar competitive binding exper-
iments (against L-d10-Leu) were performed using N-
acetylated Leu (Ac-Leu). N-acetylation ensures the
formation of the anionic form of the amino acid under
the solution conditions employed. Supplementary Fig-
ure 4 clearly illustrates that a very different profile of
sodiated diastereomeric complexes, relative to un-
blocked Leu, was observed when Ac-L-Leu binding was
evaluated. MS/MS experiments (Supplementary Figure
5) verify that the observed diastereomeric complexes
formed between the selector and Ac-L-Leu were {[Sb2-
L-tar2][Na]2[Ac-L-Leu – H]}
 (753.7 Th) and {[Sb2-L-
tar2][Na]3 [N-Ac-L-Leu–H]2}
 (948.7 Th).
The experiments with the N-acetylated amino acid
reveal important information about the ionic-states of
the amino acid and the chiral selector. The lack of
formation of similar diastereomeric complexes with
Ac-Leu, to those formed with Leu, suggests that a
charged amino (ammonium) group on the amino acid is




ions. It further implicates that unblocked Leu exists in a
zwitterionic form when complexed to antimony tar-
trate. Since Leu is a zwitterion in neutral aqueous
media, this not only clarifies the ionic states of the
diastereomeric complexes, it also supports the notion
that solution-phase data are recorded in the single-stage
mass spectral analysis.
The CAD experiments more fully clarify the predom-
inant location of the proton in the monoanionic diaste-
reomeric complexes. Specifically, does the proton asso-
ciate to higher degree with the dianionic [Sb2-D,L-
tar2]
2 host core or to the zwitterionic Leu guest ion?
Collisional dissociation of the monoanionic diastereo-
meric complexes {[Sb2-D,L-tar2][H][Leu]}
1 return frag-
ment ions of {[Sb2-D,L-tar2][H]}
1 at 536.7 Th. This
observation means that the proton affinity of dianionic[Sb2-D,L-tar2]
2 core is greater than that of zwitterionic
Leu. If the zwitterionic amino acid had possessed a
greater proton affinity than the dianionic [Sb2-D,L-
tar2]
2, then the CAD mass spectra would have pro-
duced {[Sb2-D,L-tar2]}
2 (268.1 Th) ions. These rationale
and experiments favor the assignment of zwitterionic
Leu in the complex with antimony(III)-tartrate. They
also support the notion that the ionization state of
antimony(III)-tartrate in the complex varies from dou-
bly deprotonated (dianionic) to singly deprotonated
(monoanionic).
Interestingly, the [Sb2-L,D-tar2]
2 dianion and the
{[Sb2-L,D-tar2][H]}
 monoanion showed significantly
different enantioselectivities. Figure 3 shows the selec-
tivity () values, calculated as a ratio of ion abundances
for each of the isotopomeric diastereomeric ion complex
pairs of a given charge state. Also shown are values for
competitive binding control experiments to discern any
contributions from the deuterium labeling [22]. For the
dianionic form, no discernable enantioselectivity was
observed (Cases I and V). For the monoanionic form, a
significant preference for binding D-Leu by {[Sb2-L-
tar2][H]}
 (Case III), and a cross-chiral preference of
similar magnitude for binding L-Leu by {[Sb2-D-
tar2][H]}
 (Case VII), was recorded. While deuterium
isotope effects were observed, the magnitudes of these
effects were less pronounced than that for the measured
enantioselectivities.
To further elucidate the proton-assisted enantioselec-
tivity observed in competitive-binding experiments, the
diastereomeric ionic complexes were isolated in the
quadrupole ion trap and subjected to collision threshold
dissociation (CTD). In these gas-phase experiments, the
stabilities of isolated ionic complexes were monitored
as a function of activation voltage [23, 24] (q  0.250; 30













Figure 3. Calculated average selectivity values (n  5) and
standard deviations from competitive binding experiments ac-
cording to the given standard equation. X denotes the stereochem-
istry of the tartrates, Y and Z, respectively, denote the configura-
tion of Leu in the numerator and denominator, a denotes the
number of protons associated with the complex, and p- denotes
the charge state of the complex. Cases for evaluation of enantio-
selectivity (I, III, V, VII) are shaded in grey. Control experiments
for determination of deuterium isotope effect contributions are
shown in cases II, IV, VI, and VIII.
tion
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is consistent with that observed in the solution phase.
For the monoanionic diastereomeric complexes, a dis-
tinct enantioselective binding preference was observed,
where a higher activation voltage was required to
dissociate D-Leu from {[Sb2-L-tar2][H][D-Leu]}
 (Figure
4a). Similarly, the complex between {[Sb2-D-tar2][H]}

and L-Leu was more stable than that for D-Leu (Figure
4b). Although absolute binding energies are difficult, if
not impossible, to determine due to the multi-collision
environment in the ion trap, the differences between
voltages required to dissociate 50% of the precursor ion
complexes (V50) can be used as a measure of relative
stability.




D-tar2][H] [L-Leu]}–, and {[Sb2-D-tar2][H][D-Leu]}
 di-
astereomeric ions obtained from the threshold dissoci-
ation plots were 0.615 0.005 V, 0.575 0.005 V, 0.610
0.005 V, and 0.570  0.005 V, respectively. The differ-
ences in V50 values (with error propagation) which are
indicative of (G) for the dissociation of the diastereo-
meric complexes were 0.040  0.007 V (D-Leu  L-Leu
with {[Sb2-L-tar2][H]}
) and 0.040  0.007 V (L-Leu 
D-Leu with {[Sb2-D-tar2][H]}
), demonstrating enantio-
selective binding in the gas phase with a perfect quan-
titative cross-chiral relationship (assuming the constant
of proportionality between V50 and G values are
constant during all CAD experiments). A similar anal-
Figure 4. Collision threshold dissociation of d




2- (open circle); (d) {[Sb2-
[L-Leu]}2 (open circle) in a quadrupole ion trap
with error bars representing one standard deviaysis was carried out for evaluating the results fromdissociation of the dianionic diastereomeric complexes
(Figure 4c, d). The experiments indicated no enantiose-
lective dissociation in the gas phase for the dianionic
forms, which is consistent with solution-phase based
competitive binding results.
While noncorrelation between solution-phase and
gas-phase binding preference is common, this marked
correlation of proton-assisted enantioselective discrim-
ination capacity of antimony(III)-D- and -L-tartrate be-
tween solution-phase and gas-phase association and
dissociation phenomena can provide some insight into
the binding chemistry between antimony(III)-D,L-
tartrates and leucine enantiomers. Specifically, for the
protonated monoanionic system, the solvent can be
assumed to play a minor role relative to the stereochem-
ical orientation of the associates in providing enantio-
selective binding. In other words, solvation is not
necessarily needed to maintain a delicate balance of
noncovalent forces, contrary to that shown for other
enantioselective systems [25]. Further studies incorpo-
rating different solution conditions (% organic, pH, and
ionic strength) are needed to confirm this assertion.
Of greater interest is the nature of proton-assistance,
which gives rise to enantioselective binding. This find-
ing suggests that the display of functional motifs re-
sponsible for enantioselective binding to leucine is
significantly different between the dianionic and the
protonated monoanionic forms. Assuming that com-
plex formation is driven primarily by the attraction
reomeric ion complexes: (a) {[Sb2-L-tar2][H][D-
pen circle); (b) {[Sb2-D-tar2][H][D-Leu]}
 (filled
(c) {[Sb2-L-tar2][D-Leu]}
2 (filled circle) and
r2] [D-Leu]}
2 (filled circle) and {[Sb2-D-tar2]





. Dabetween the ammonium group on the guest ion and
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2 and {[Sb2-D,L-
tar2][H]}
 ions, further speculation can be made about
the nature of the enantioselective recognition process.
For a zwitterionic amino acid, the dianionic {[Sb2-D,L-
tar2]}
2 host ion would complex with the ammonium
portion; however, the free carboxylate group could
potentially be repelled by the dianion. This arrange-
ment might lead to a poor orientation for enantioselec-
tive recognition. For complex formation with the mono-
anion, although the amino acid is zwitterionic, the free
carboxylate might be able to hydrogen bond through
the extra proton present on the {[Sb2-D,L-tar2][H]}
1
selector ion. Thus, an additional noncovalent contact
might result, and ultimately give rise to the observed
discrimination of the amino acid enantiomers by the
monoanion, whereas the dianion lacks this capability.
To investigate these phenomena more fully, both
theoretical computational and solution phase NMR
experiments have been initiated [26]. Preliminary com-
putational results indicate that the lack of enantioselec-
tivity observed for the dianionic form is due to the
presence of an additional low-energy conformation in
equilibrium with the X-ray-predicted crystallographic
form. These forms appear to exhibit opposing enantios-
electivities, manifesting experimentally in an overall
lack of enantioselectivity observed for the dianion form
during ESI-MS measurements. For the protonated case,
which has never been previously investigated in this
manner, a single dominant conformation has been
preliminarily isolated, explaining the observation of its
enantioselective binding capacity in the mass spectra.
The detailed computations necessary to fully explain
this behavior require significant time to complete. These
results, along with data from NMR experiments and
ESI-MS data for additional analyte enantiomers, are
needed to fully elaborate the mechanistic basis for the
observations reported here, and will be reported in due
course.
In conclusion, fundamental mass spectrometric in-
vestigations have provided key pieces of evidence to-
wards rationalizing the enantioselective binding capac-
ity of antimony(III)-D and L-tartarate. It is reasonable to
assume that the dianion [Sb2-D,L-tar2]
2 is in equilib-
rium with the protonated monoanion {[Sb2-D,L-
tar2][H]}
 in aqueous solutions. The fact that these
different ion forms yield different enantioselective dis-
crimination capacity holds promise for reconciling the
use of antimony(III)-D- and -L-tartrates as analytical
separations reagents. In the work by Martin et al. [6],
resolution of Ru(II) tris-diimine complexes by capil-
lary electrophoresis was achieved at pH 2.5, a condition
where the protonated monoionic complex would be
highly favored. At higher pH values, enantioselectivity
would be expected to diminish as the dianionic form is
populated. Other reports in the literature also assert the
importance of pH on enantioselective solution phase
separations [27–29]. With regard to mass spectrometry,
these findings may prompt further evaluation of previ-
ous work using antimony(III)-tartrates in ESI-basedenantioselective association experiments [14, 15] to dis-
cern if similar behavior, especially for the protonated
monoanion {[Sb2-L-tar2][H]}
, may have been over-
looked. Overall, the notion of charge-state-dependent
enantioselective reactions has been previously reported
in protein-ligand systems [30], but to our knowledge,
this is the first report of such behavior for small
molecule enantioselective binding systems, recorded in
both solution-phase targeting ESI-MS and gas-phase
MS/MS dissociation experiments. This study sheds
new light on the dynamic nature of antimony(III)-
tartrate chiral selectors and prompts further investiga-
tion into a system that could indeed still be found quite
useful for analytical separations (and therapeutic indi-
cations) if it can be controlled to a greater extent.
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